subcellular localization. Pitx2 mutant myocardium had elevated reactive oxygen species levels while antioxidant supplementation suppressed the Pitx2-loss-of-function phenotype. These findings reveal a genetic pathway, activated by tissue damage that is essential for cardiac repair.
We used immunofluorescence staining to look for developmental transcription factors that were up-regulated in regenerating Hippo-deficient heart 4 . Paired-like homeodomain 2 (Pitx2) was enriched in border zone ventricular cardiomyocyte nuclei of adult Hippodeficient hearts after myocardial infarction (MI) (Fig. 1a-c) . Pitx2, encoding three isoforms (Pitx2a, Pitx2b, and Pitx2c), is mutated in Rieger Syndrome that is characterized by craniofacial, umbilical, and cardiac abnormalities 5 and functions in left-right asymmetric organ development 6 . Notably, Pitx2 deficiency results in predisposition to atrial fibrillation (AF), a common human arrhythmia 7, 8 . Pitx2c is the major isoform expressed in heart. Available RNA-sequencing (RNA-Seq) data indicated that Pitx2 transcripts in cardiomyocytes dropped postnatally 9 (Fig. 1d) while Western blot revealed Pitx2 protein induction after injury during regenerative stages (Fig. 1e) . Consistent with reduced Pitx2 expression in adult hearts, active histone marks at the Pitx2 locus were reduced in adult hearts ( Fig. 1f, g ) 10 . Available Dnase I Hypersensitive sequencing (DHS) data revealed that Nrf2 binding-elements were enriched in the Pitx2 locus (data not shown). To evaluate whether Nrf2 activated Pitx2 after injury, we performed an Nrf2 Chromatin Immunoprecipitation Sequenceing (ChIP-Seq) experiment on hearts 4 days after postnatal day (P) 2 left anterior descending artery occlusion (LAD-O) and discovered Nrf2 binding at the Pitx2 locus (Fig. 1f) . Nrf2 knockdown in P19 cells and Nrf2 loss-of-function in mice resulted in decreased Pitx2 mRNA expression supporting the conclusion that Nrf2 directly regulates Pitx2 after tissue injury (Fig. 1h, i) .
We determined whether Pitx2, similarly to Yap, was required for neonatal heart regeneration 2 . Using muscle creatine kinase cre (MCK cre ) 11 , we inactivated Pitx2 in cardiomyocytes and performed P1 apex resection. While control hearts regenerated as expected, MCK cre; Pitx2 f/f (Pitx2CKO) hearts had increased scarring and reduced function ( Fig. 2a-e) . We injured Pitx2 mutant hearts by LAD-O at P1 and used both MCK cre and Myh6 creERT to inactivate Pitx2 in myocardium. Pitx2 mutants failed to repair after LAD-O (Extended Data Fig. 1 ).
We examined cardiomyocyte proliferation in P1 apex resection model at 5 day-postresection (DPR) by pulse-labeling and immunofluorescence of 5-ethynyl-2′-deoxyuridine (EdU). In Pitx2 f/f controls, injury induced a threefold increase of EdU positive cardiomyocytes compared to sham that was absent in Pitx2CKO after injury, supporting the hypothesis that Pitx2, like Yap, is essential for neonatal heart regeneration by promoting proliferation and injury resistance (Fig. 2f-h ).
To investigate whether Pitx2 is sufficient for adult cardiomyocyte repair, we generated Pitx2 Gof , a cre-activated Pitx2c gain-of-function transgenic line (Extended Data Fig. 2a ). Immunoblotting and qPCR showed elevated Pitx2c levels in Myh6 cre-Ert ;Pitx2 Gof (Pitx2OE) ventricles (Extended Data Fig. 2b-d) . LAD-O performed in 8-week-old mice after tamoxifen administration revealed that Pitx2OE hearts had reduced scar size (Fig. 2i, j) 4 .
Heart morphology was comparable between controls (Myh6 cre-Ert/+ ) and Pitx2OE after sham surgery (Extended Data Fig. 2e-g ). Two weeks after LAD-O both Pitx2OE and controls showed decreased ejection fraction (EF) and fractional shortening (FS), however, Pitx2OE mice had functional recovery at 3 and 4 weeks-post-LAD-O (Fig. 2k, l) . Non-regenerative stage P8 apex resections in control and Pitx2OE hearts revealed that Pitx2OE hearts had reduced scarring (Extended Data Fig. 2h-j) and improved function at 28 DPR (Extended Data Fig. 2k, l) . EdU incorporation at 8 DPR showed increased cardiomyocyte S-phase entry in Pitx2OE hearts (Extended Data Fig. 2m-o) .
Since Pitx2 was up-regulated in Hippo-deficient hearts, we tested whether Pitx2 was required for Hippo-deficient cardiomyocyte renewal. SalvCKO hearts regenerate efficiently after MI 4 . However, SalvCKO hearts that were also Pitx2 mutant, called double knock out (DKO), failed to regenerate (Fig. 3a-c) . Twenty-eight days after P8 LAD-O, DKO hearts had a larger scar and compromised EF (Fig. 3d, e) 4 . Apex resection in non-regenerative P8 hearts also revealed the requirement for Pitx2 function in SalvCKO cardiomyocyte renewal (Extended Data Fig. 3 ).
Available genomic footprinting data from cardiac DHS datasets can uncover sequencespecific transcription factor (TF)-DNA interactions in an unbiased fashion. Motifs for Pitx2 and Tead, the Yap DNA binding partner, were highly enriched in fetal heart footprints and often found in close proximity (Extended Data Fig. 4a, b) . Genomic regions containing Pitx2 or Tead motifs were enriched for H3K4me1 chromatin marks indicating that Pitx2 or Tead binding regions were transcriptionally active. Regions containing both Pitx2 and Tead motifs showed globally increased transcriptional activity compared to Pitx2 motif only regions (Extended Data Fig. 4c, d ).
The co-occurrence of TF binding motifs often indicates TF interactions. We tested whether Pitx2 was a Yap binding partner using purified Glutathione S-Transferase (GST) fusion proteins. In vitro binding assays with Pitx2 fusion peptides and full length Yap revealed that Yap bound the Pitx2 homeodomain ( Fig. 3f, g ; Extended Data Fig. 5a , b). We uncovered an in vivo interaction between endogenous Pitx2 and Yap using co-immunoprecipitation (co-IP) of endogenous cardiac proteins (Extended Data Fig. 5c ). The Pitx2 flag allele, previously generated by gene targeting in embryonic stem cells (ESC), expresses endogenous levels of FLAG-epitope-tagged Pitx2 from the Pitx2 locus 7 .
Immunofluorescence showed widespread distribution of Pitx2 in P19 cells and a cytoplasmto-nucleus translocation upon H 2 O 2 treatment (Fig. 3h , Extended Data Fig. 6a ), similar to the Nrf2 response to oxidative stress (Extended Data Fig. 6b ) 3 . Pitx2 nuclear translocation after H 2 O 2 treatment depended on Nrf2 activity (Fig. 3h, i) . In contrast, Nrf2 nuclear translocation after H 2 O 2 treatment was intact in Pitx2 null P19 cells indicating that Pitx2 was dispensable for Nrf2 response to reactive oxygen species (ROS) (Extended Data Fig. 6b, c) . We found that Pitx2 interacts with Nrf2 in heart extracts, expressing endogenous protein levels (Fig. 3j) . Co-IP using Nuclear-cytoplasmic fractionation of P19 cells, looking at endogenous proteins, indicated that Pitx2 binding to Nrf2 in the nucleus was increased after H 2 O 2 treatment (Extended Data Fig. 6d, e) . We also found less nuclear Pitx2 in Nrf2 mutant hearts after P1 apex resection (Extended Data Fig. 6f-h ).
To solidify the connection between Nrf2, Pitx2, and Yap, we tested if Nrf2 was required for neonatal regeneration, as is the case for Pitx2 and Yap. MI at P2 revealed that Nrf2 null hearts were unable to regenerate indicating that induction of the antioxidant response is required for regeneration (Extended Data Fig. 7 ) 12 . Notably, Pitx2OE mice that were heterozygous for Nrf2 nu allele failed to regenerate, suggesting that Pitx2 promotes the antioxidant response. It is also possible that Nrf2 is downstream of Pitx2 in certain contexts. We also made Pitx2OE mice that were heterozygous for a Yap fl allele 13 . Reducing Yap dosage compromised Pitx2OE heart regeneration in P8 resection model (Extended Data Fig. 8a-e).
To investigate Pitx2 target genes induced by injury, we harvested P1 resected ventricles from Pitx2 f/f and Pitx2CKO hearts at 5 DPR and performed RNA-Seq (Extended Data Fig. 9a-d) . We identified 1002 down-regulated genes in Pitx2 mutants (fdr ≤ 0.1, fold change ≥ 1.5).
There was extensive overlap between up-regulated genes following apex resection in controls and down-regulated genes in 5DPR Pitx2CKO hearts, indicating that in the absence of Pitx2, a set of stress response genes, including oxidative stress response genes, fail to be activated (Extended Data Fig. 9a-d) .
We examined the response of Pitx2 and antioxidant scavenger genes to H 2 O 2 in Pitx2-null (Pitx2 nu ) ESCs since Pitx2 has been implicated in ROS response in skeletal muscle 6, 14 . After H 2 O 2 treatment, qPCR showed increased Pitx2, Gpx1, Mt1 and Mt2 expression in wild type ESCs, but not Pitx2 nu ESCs (Extended Data Fig. 9f ) supporting a critical role for Pitx2 in response to ROS. While ESCs had low endogenous Pitx2 levels, the mouse P19 embryonic carcinoma cell line expressed readily detectable Pitx2, primarily the Pitx2c isoform. H 2 O 2 treated P19 cells increased Pitx2 and its target gene expression levels in a dose-dependent manner (Extended Data Fig. 9g, h ).
To identify Pitx2 target genes, we performed P1 apex resection and harvested 5 DPR Pitx2 flag ventricles and performed ChIP-Seq (Extended Data Fig. 9e ). Overlay of downregulated genes from Pitx2CKO RNA-Seq with Pitx2-binding peaks from ChIP-Seq revealed 505 direct Pitx2 targets. Gene Ontology (GO) analysis revealed enrichment in mitochondria, oxidation-reduction, ribosome, and respiratory chain (Fig. 4a, b ).
Among Pitx2 targets were genes that protect the cell from elevated ROS, such as superoxide dismutase genes, Sod1 and Sod2, which reduce superoxide to H 2 O 2 and the glutathione peroxidase, Gpx4, that removes H 2 O 2 , and peroxiredoxin-2 (Fig. 4b) 15 . Pitx2 regulates electron transport chain (ETC) complex-I components including Ndufb3, Ndufb4, and Ndufb7 and ETC complex-IV component, Cox7c (Fig.4b) . Defective complex-I in human patients increases ROS sensitivity 16 . Pitx2 regulated 21.5% of its direct target genes through promoter binding revealed by enrichment of H3K4me3 chromatin marks for active promoters in Pitx2 peaks ( Fig. 4c ; 119/505 direct targets). 8-week-old heart H3K4me3 chromatin marks are enriched in the center of Pitx2 binding sites, supporting the hypothesis that Pitx2 promotes transcriptional activation 17 .
To determine whether Pitx2 and Yap regulate common target genes, we performed Yap ChIP-Seq on ventricles 5 days after P2 LAD-O and found Yap binding sites enriched in nearly half of Pitx2-targeted gene promoters (54/119; Fig. 4a, c) . Comparison of Pitx2 ChIPSeq, our Yap ChIP-Seq, and available Yap ChIP-Seq 18-21 , revealed 4 redox genes bound by both Pitx2 and Yap. ChIP-re-ChIP assay from heart extracts revealed Pitx2 and Yap were concurrently resident on these genes, indicating Yap and Pitx2 cooperatively activate the transcriptional response to oxidative stress. (Fig. 4d) .
To investigate ROS activity in Pitx2 f/f and Pitx2CKO apical border zones at 4 DPR, tissue sections were incubated with ROS-detecting reagent. Pitx2CKO hearts had elevated ROS in both cardiomyocytes and non-myocytes (Fig. 4e-i) . To determine if elevated ROS contributed to scarring in 21 DPR Pitx2CKO hearts, we administrated N-Acetyl-L-cysteine (NAC) in Pitx2CKO neonates after apex resection. Daily NAC injections until 10 DPR decreased scar size in Pitx2CKO hearts (Fig. 4j-n) .
Elevated ROS is a natural response to cardiac injury including ischemic damage (Extended Data Fig. 10) 22, 23 . During the postnatal transition from glycolytic to oxidative metabolism, ROS is elevated in the heart and inhibits cardiomyocyte regeneration 22 . In regenerative-stage hearts, Pitx2 promotes regeneration by inhibiting ROS. Injury induces Pitx2 expression and activity through Nrf2-activated Pitx2 transcription and nuclear shuttling. In turn, Pitx2 activates ROS scavengers, protecting cells from oxidative damage, and ETC components. It is also possible that Nrf2 also acts downstream of Pitx2 in some contexts. Thus, Pitx2 is essential for cardiomyocyte response to injury and may prevent cell death.
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